Chromatic and spherical aberration-corrected atomic-resolution transmission electron microscopy combined with density-functional theory calculations is employed to elucidate the stability and dynamics of admolecules on suspended graphene. The results presented provide evidence that the interaction between the molecules and hydrogen adatoms leads to a mutual trapping. These "symbiotic" configurations can explain the presence of stable admolecules on graphene at ambient temperature. It is proposed to exploit these configurations to functionalize and dope graphene.
I. INTRODUCTION
Graphene, a sheet of hexagonally arranged carbon atoms, [1] [2] [3] is one of the top candidates of materials on which future electronics shall be built upon. Knowledge about its properties and any likely occurring modification is of essential importance considering its implementation in devices. Whether, how, and particularly, which local defects can occur and explain graphene's measurable physical properties, as, for instance, the limited charge-carrier mobility, is under debate. Moreover, tailoring the properties of a material primarily requires an understanding on how the material can be modified in a controlled manner. In order to modify graphene's pristine properties, it can be decorated by molecules or adatoms. [4] [5] [6] [7] [8] Such attachments can be considered as defects and act as electronically active dopants which control the electronic structure of graphene and its conductivity. Indeed, the importance of such local modifications is reflected in graphene's measurable properties. As the carrier mobility of graphene is lower than the value predicted by theory, it is suspected that defects, such as adatoms, admolecules or vacancies, account for this discrepancy. 9 ,10 Yet, adhesion and migration energies reported for many elements and molecules would make them largely mobile at room temperature. 5, 7, 9, 11 This, of course, complicates to explain their effect in a static picture. Here we present a combined experimental and theoretical study of small molecules on graphene which provides evidence that by forming energetically favorable configurations, small molecules can be stable on graphene at room temperature.
II. METHODS

A. Experiment
Freestanding suspended monolayer graphene membranes 12, 13 were used for atomic-resolution transmission electron microscopy ͑TEM͒ employing a spherical and chromatic aberration-corrected microscope. 14, 15 The quadrupoleoctupole-type C C / C S corrector consists of ten quadrupole stages. Two of them produce crossed electromagnetic quadrupole fields for the correction of the chromatic aberration C C and octupole fields for the correction of the third-order spherical aberration C S ͑=C 3 ͒. All axial aberrations up to fourth order and all axial chromatic aberrations of first degree up to first order can be compensated semiautomatically. The fifth-order aberrations are by design sufficiently small to allow for a spatial resolution of about 80 pm at 80 kV. As the effect of C C was annulled by the aberration corrector, in contrast to earlier experiments, 12, 16 no monochromator was necessary to achieve a sufficiently high information limit at 80 kV.
In order to derive direct structural and qualitative chemical information about the nature of the adatoms, focal series of atomic-resolution micrographs were recorded which were processed to retrieve the complex electron wave at the exit plane of the specimen. This step unravels the microscope's transfer function affecting individual micrographs and restores phase and amplitude of the diffracted electron wave. [17] [18] [19] [20] Yet the result of a reconstruction represents an average of the structure over the period of time the series is recorded. Therefore, in addition to the data retrieved from focal series, individual micrographs and focus-invariant time series were analyzed. Focal series were recorded by applying a focus step of −0.61 nm. From a series containing 30 members, 11 consecutive micrographs covering a focus range from −5.6 to −11.7 nm were selected for the restoration of the exit-plane wave whose phase image is shown in Fig. 1 . The third-and fifth-order spherical aberrations were corrected to C 3 Ͻ ͉1 m͉, C 5 Ͻ 100 m, and C C Ͻ 20 m. The stability of the defects analyzed dictates the maximum number of images that can be used for the restoration of the exit-plane wave. Yet, adequate to discuss point defects on graphene, the restorable image frequencies lie between 50 and 320 pm. 21 With an electron dose of about 10 6 e − / s nm 2 , time series and focal series were recorded using an exposure time of 1.0 s per micrograph. Multislice TEM simulations of exit-plane waves were done for a resolution of 0.08 nm.
B. First-principles calculations
TEM experiments were complemented with densityfunctional theory ͑DFT͒ calculations. These first-principles calculations were performed with the Gaussian and planewaves ͑GPWs͒ ͑Ref. 22͒ approach using the Perdew-Burke-Ernzerhof 23 exchange-correlation functional and periodic boundary conditions implemented in CP2K.
24
The electron-ion interaction was described by the normconserving pseudopotentials of Goedecker-Teter-Hutter 25 and for most elements a TZV2P basis set was used, optimized for molecular systems. 26 The van der Waals interaction was considered using a semiempirical scheme in the form of C 6 / R 6 proposed by Grimme. 27 Diffusion barriers were calculated with GPW in its spin-polarized formulation using the climbing-image nudged elastic band method, CI-NEB. 28 For each NEB calculation, 12 images are used to calculate the diffusion barrier accurately. The graphene sheet is represented by a 21.34ϫ 19.71 Å 2 rectangular supercell containing 160 carbon atoms.
III. RESULTS
The monolayer graphene sheets as employed in this study are typically covered with thin layers of amorphous hydrocarbon contaminants which during electron irradiation are mobile and gradually disappear, eventually leaving patches of clean graphene membranes. Depending on the electron dose, this local cleaning occurs within a few minutes. During prolonged electron irradiation point defects appear 12 which can expand to holes that keep on growing and can lead to the destruction of the membranes. 16 During this process, part of the atoms, which are ejected by the electron beam stemming either from the contaminants or from the edges of holes, remain on the graphene. Some of these atoms might migrate fast and eventually disappear from the field of view being essentially invisible to the microscopic investigation which occurs in snapshots on the order of seconds. Yet, other atoms, not necessarily different elements, stay for an extended period of time on the graphene, might form small functional groups and are covalently or ionically attached to it. 5 These are the molecular groups that are observable in the electron microscope. The configuration, stability and dynamics of such molecules were studied in the present investigation.
The phase image in Fig. 1 shows a monolayer suspended graphene containing a hole with a diameter of about 1 nm. Above the hole, lattice defects are observable, which, similar to the edge of the hole, were subject to changes during the acquisition of the series. In addition, three pointlike "defects" are observable which are encircled. Defects 1 and 2 were invariant while the focal series was recorded ͓see Movie S1 ͑Ref. 29͔͒.
Defects 1 and 2 show distinctly larger phase shifts on positions where one would expect single carbon atoms ͓see Fig. S1 ͑Ref. 29͔͒. There are two possibilities for the enhanced phase shifts: either a carbon atom of the graphene lattice is substituted by a heavier atom or an adatom is attached atop of a graphene carbon atom on a so-called T site. Figure 1 does not provide a means for distinguishing between these two possibilities. However, during the acquisition of the series, the location of defect 3 changed. Figure 2 shows extracts of the micrographs recorded at defoci of −8.04 nm ͓Figs. 2͑a͒ and 2͑c͔͒ and −8.65 nm ͓Figs. 2͑b͒ and 2͑d͔͒. Although the positions of defects 1 and 2 remain unchanged, the position of defect 3 changes: it moves from one carbon atom to a neighboring carbon position. Since a correlated diffusion-based exchange of a substitutional atom with a graphene carbon atom is unlikely to occur at room temperature without having a vacancy involved, 30 we conclude that the defects in Fig. 1 are due to atoms attached to the graphene lattice as explained above and schematically illustrated in Figs. 2͑e͒ and 2͑f͒.
Any atom can in some way be supported by a graphene membrane. Yet, whether, where and how an atom is attached to graphene depends on the element-specific interaction. In order to narrow down the amount of potential elements, exitplane waves were simulated for a variety of adatoms ͑artifi-cially͒ sitting on T sites. In the experimental data, the ratio between the phase of the reconstructed exit-plane wave at the position of the adatoms and the phase of a carbon atom in graphene is about 1.4-1.6. The simulations show that for Na in the role of an adatom this ratio is about 2.0, for Li it is about 1.4 and for H it is about 1.1 ͑Fig. S1͒. Considering the experimental fluctuation of the phase shifts of carbon atoms, which exceed 10%, we conclude that the detection of single hydrogen atoms is not feasible with our data and, that the adatom has to be lighter than Na and heavier than Li. However, from this limited amount of potential elements, metals of group I-III ͑e.g., Li and Na͒ find stable positions in H sites, i.e., in the center of the hexagons, 5 while oxygen, nitrogen, and carbon atoms attach to B sites, i.e., centered above two carbon atoms. All these elements thus cannot explain the observation. Indeed, our first-principles calculations reveal that fluorine is the only element which can account for the observed phase shift and finds a stable position on a T site. However, since the sample was not exposed to any source of fluorine, its presence is unlikely. On the other hand, the formation of the hole and the presence of the hydrocarbon contaminants mean that there is an abundant reservoir of carbon and hydrogen atoms present. 31 Moreover, as the membranes were ͑unavoidably͒ exposed to air and various organochemical solutions during the preparation, the presence of oxygen, nitrogen, carbon, and hydrogen atoms, is highly probable. Yet, as all atoms likely present do not attach to T sites, we conclude that single adatoms cannot explain the observation documented in Fig. 1 .
For the above argument and because single carbon, nitrogen, and oxygen atoms hydrogenate in the presence of hydrogen, it is necessary to expand the picture to include small groups of atoms, such as the hydroxyl ͑-OH͒, the amino ͑-NH 2 ͒, or the methyl ͑-CH 3 ͒ group. Our DFT calculations reveal that these groups find stable positions on T sites, whereas other candidates such as CO, CO 2 , H 2 O, NO, NO 2 , NH 3 , or NH do not attach to T sites. 11, 32 Performing simulations of exit-plane waves based on atomic models derived from DFT calculations reveals that the OH, NH 2 , and CH 3 groups can explain the contrast features observed in the experimental exit-plane wave.
However, although these groups would attach to T sites at zero temperature, TEM was carried out at room temperature. In agreement with previously published results, 9 our calculations confirm that the migration barriers of these groups are in the range of 0.4-0.8 eV, whereas for H it is about 1.2 eV, see Fig. 3 . This small energy difference translates into a migration probability of OH, NH 2 , and CH 3 which is more than six orders of magnitude larger than the one of H at room temperature. 7 Hence, within a fraction of a second, one would expect the molecules to diffuse quickly on graphene or even desorb. 9 Electron irradiation might even enhance their mobility. Our observation of distinct T-site point defects would be impossible.
IV. DISCUSSION
The TEM observations reveal that the admolecules are stable during periods of several seconds or even minutes whereas the DFT calculations predict that isolated OH, NH 2 , and CH 3 molecules would be largely mobile on graphene at room temperature. Hence, the molecules must be stabilized by a favorable graphene configuration. Forming a single covalent bond with graphene implies that one unpaired electron is left behind in one of the benzol rings of which the graphene lattice is constituted. This unpaired electron, locally violating Hückel's rule, reduces the stability of the configuration. However, if in the immediate neighborhood an additional adatom is present as, for instance, a hydrogen atom which we are not able to observe, no unpaired electron FIG. 2. ͑Color online͒ Dynamics of a T-site admolecule. ͓͑a͒ and ͑b͔͒ Extracts of two micrographs of the focal series. Atoms appear dark on a bright background ͑underfocus͒. The defects indicated in Fig. 1 appear as dark spots. While the positions of defect 1 and 2 are invariant, the position of defect 3 changes between these two snapshots, see the details of ͑a͒ and ͑b͒ shown in ͑c͒ and ͑d͒. An admolecule changes its site as schematically depicted in ͑e͒ and ͑f͒. As a result of the migration, defect 3 appears to be blurred in the time-averaged phase image in Fig. 1 . See also Movie S1 ͑Ref. 29͒. remains. Figure 4͑a͒ shows an OH group attached to a T site with the adjacent carbon atom of the graphene lattice decorated with a hydrogen atom. Figures 4͑b͒ and 4͑c͒ show equivalent configurations for NH 2 and CH 3 . Similar for all three molecules, the respective bonding energy increases by ϳ0.25 eV if the adjacent graphene carbon atom is decorated with a hydrogen atom.
On the basis of the situations depicted in Figs. 4͑a͒-4͑c͒ , diffusion of the molecules on graphene can be considered. The DFT calculations reveal that the migration barrier of the CH 3 group to the adjacent carbon atom in the benzol ring, as depicted in Fig. 4͑d͒ , is 2.2 eV and, that the resulting configuration has an energy which is 1.7 eV higher than the one depicted in Fig. 4͑c͒ . Hence, the CH 3 group is trapped in the configuration shown in Fig. 4͑c͒. Figures 4͑e͒ and 4͑f͒ show phase images of simulated exit-plane waves of the configurations depicted in Figs. 4͑c͒ and 4͑d͒ . Hence, within the limits given by the experimental noise and resolution, the theoretical models provide feasible solutions to our observations. Carrying out similar TEM simulations for OH and NH 2 yields exit-plane waves which are visually indistinguishable from the one of CH 3 . Indeed, the same trapping mechanism applies to OH and NH 2 . The diffusion paths and diffusion barriers are summarized in Fig. 5 .
Trapping functional groups in the configurations depicted in Figs. 4͑a͒-4͑c͒ , does not mean that no dynamics takes place, particularly under electron irradiation. Our observations provide evidence that the molecules change their position every few seconds. Yet, as documented in Fig. 6 , which shows three consecutive micrographs of a time series, admolecule 1 migrates to an adjacent carbon atom, but bounces back to the original position. For OH, this is one of two equally likely events that can occur. For CH 3 and NH 2 , the most likely event that follows the displacement shown in Fig. 6͑b͒ is that hydrogen moves to the site the admolecule occupied previously. This alternative path is in agreement with the dynamics of admolecule 3 in Fig. 2 and Movie S1. 29 There, the admolecule remains stable on the new site. Figure 7 outlines the diffusion paths; the position of the hydrogen atom is indicated by a gray disk and the admolecule starts its diffusion path in position I. Once the admolecule migrates to position II ͑see, e.g., Fig. 5͒ , it can bounce back to the original position next to the hydrogen atom, or it FIG. 4 . ͑Color online͒ ͓͑a͒-͑c͔͒ Atomic models derived from DFT calculations. OH, NH 2 , and CH 3 are covalently bonded to graphene with the adjacent carbon atom decorated with a H atom. C: gray, H: white, O: red, and N: blue. ͑d͒ The CH 3 group moves from the stable T site to an adjacent carbon atom, which requires to surpass an energy barrier of 2.2 eV. This barrier, similar for OH ͑1.7 eV͒ and NH 2 ͑2.0 eV͒, traps the molecules in the configurations ͑a͒-͑c͒. ͓͑e͒ and ͑f͔͒ Phase images of simulated exit-plane waves for the models in ͑c͒ and ͑d͒. ͓͑g͒ and ͑h͔͒ Phase images of the defects 1 and 2 of Fig. 1 . The scale bar in ͑e͒ and ͑g͒ is 0.2 nm. The color bars give the phase in rad. can move on to position IIIa, i.e., stay on the same benzol ring like the hydrogen atom or, leave the benzol ring and thus move to position IIIb. The diffusion barriers to bounce back to the original position is E db − E B with the values for E db and E B given in Fig. 5 . Hence, for CH 3 it is 0.51 eV, for NH 2 it is 0.44 eV, and for OH it is 0.21 eV. Figure 7 gives the diffusion barriers E db IIIa and E db IIIb for the admolecule to move from position II to position IIIa and IIIb, respectively. For all admolecules considered here, E db IIIa and E db IIIb are larger than the diffusion barrier for moving from position II to I. Hence, under the assumption that the hydrogen atom stays in its original position, the most likely event that follows a move of the admolecule from I to II is the move back to I. This is documented in Fig. 6 .
However, the assumption that the hydrogen can stay in its original position only holds if the diffusion barrier of the hydrogen atom to move from its original position to position I is similar or larger than the diffusion barrier of the admolecule to move from position II back to I ͑see Fig. 7͒ . This is only the case for the OH group in the role of the admolecule. For the case of OH, the diffusion barrier of the hydrogen atom to follow the admolecule to position I is 0.2 eV, which is similar to the diffusion barrier of OH to move from position II to I ͑see Fig. 5͒ . This is in agreement with the dynamics documented in Fig. 6 ͑see also Movie S2͒; admolecule 1 moves from one position to a neighboring position and bounces back to the original one.
On the other hand, once CH 3 or NH 2 move from position I to II, it is likely that the hydrogen atom follows the admolecule to position I. The migration barrier of the hydrogen atom to follow the admolecule to position I is for CH 3 ͑now on position II͒ 0.12 eV and for NH 2 ͑now on position II͒ 0.16 eV. Once the hydrogen atom moves to position I, CH 3 and NH 2 are then again in a stable position, which is equivalent to the original position I, as documented in Figs. 4͑a͒-4͑c͒. This type of dynamics is in agreement with the series of images used for the focal series reconstruction ͑see Fig. 2 and Movie S1.͒ In this series of images, admolecule 3 moves to an adjacent T site and remains on the new site, explaining the blurring of the reconstructed phase in Fig. 1 .
Yet, it has to be emphasized that because the diffusion barriers E db of all three admolecules to move from position I to II are between 1.7 and 2.2 eV ͑see Fig. 5͒ , the first step in the dynamics discussed needs a large activation energy which can, for instance, be supplied by high temperature or, as in our case, provided by a momentum transfer due to the electron irradiation. Hence, at ambient temperature and without electron irradiation, it is unlikely that the admolecules migrate as documented in Fig. 2 and 6 . The presence of a hydrogen atom on a carbon site next to a T-site admolecule acts as a very effective trap.
V. CONCLUSION
On the basis of the experimental observation which are explained by employing DFT calculations, we conclude that hydrogen adatoms can trap molecules to specific sites on graphene that remain stable at room temperature. Indeed, what likely occurs in the process of forming these configurations is that due to their higher adhesion energy, hydrogen atoms first attach to graphene and then trigger molecules to find stable positions on adjacent T sites. Provided that there are ways to attach hydrogen to graphene in a controlled manner and amount, this mechanism could be employed to functionalize graphene with specific molecular groups.
The results presented here, which are based on atomicresolution TEM and DFT calculations, provide insight into the chemistry and physics that takes place on graphene at room temperature. The proposed atomic configurations are energetically favorable: adatoms and molecules mutually trap each other in specific sites. These "symbiotic" configurations can explain our observation of small molecules on graphene at room temperature.
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